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Executive Summary
The goal of this project was to evaluate a high rotor pole switched reluctance (HRSR) motor system for use as a condenser fan motor for commercial refrigeration systems. The HRSR motor is purportedly more efficient than induction motors for all motor speeds and is inherently variable speed. Two baselines were developed with the legacy induction motor that represent common motor control using constant fan speed (CFS) control or variable head pressure (VHP) control, which dynamically adjusts the condenser motor speed based on the outdoor air temperature and discharge compressor pressure. Four energy-efficiency measures (EEMs) were evaluated as different combinations of control strategy and motor, as described in Table 1 . * The field demonstration was configured to run VHP control for both induction and HRSR motors. However, because of differences in induction and HRSR motor speeds during the demonstration, the only measured values used were for the baseline with VHP control.
Nine 1.5 horsepower HRSR motors were installed parallel to the same number of legacy induction motors with VHP control for a commercial supermarket refrigeration system in Lakeside, Colorado.
Determination of the relationship between condenser power and motor speed was performed over a 2-month period. Annual data that had been collected for 2017 were then leveraged to predict the annual energy savings for the four scenarios described in Table 1 . Table 2 displays the quantitative results. Results from Table 2 show that the HRSR motor was more efficient than the legacy induction motors regardless of the type of condenser control. The 4% increase in percent energy savings between Scenario 1 and Scenario 2 is likely because of the improved performance of the HRSR motor at low motor speeds. This is further detailed in the report by comparing power savings as a vi This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
function of motor speed. Although the HRSR motor saved 29% power at 870 revolutions per minute, the power savings increased to 58% at 200 revolutions per minute.
Further, 57% energy savings was found by implementing VHP control, indicating that VHP control alone can significantly reduce condenser energy consumption. The most energy savings was found when implementing both VHP control and HRSR motors as shown in Scenario 4, resulting in 71% savings.
This report only looked at the condenser energy savings. However, when considering an entire refrigerant system including compressors, energy savings for Scenario 3 and Scenario 4 would be less. This is because reduced airflow across the condenser (as a result of reduced motor speed) would increase the refrigerant discharge pressure and the compressor power consumption. While changes in compressor energy were not measured, estimates of the increased compressor energy show that it is small compared to the condenser fan energy savings.
Additional considerations for the HRSR motors were also noted during the project. First, the HRSR motor system includes real-time operational monitoring for speed, torque, and power and made it possible to identify and remotely shut down an individual motor when a piece of foam locked the fan and thereby the motor. With the traditional system, a locked rotor could have caused motor damage unless a breaker or fuse were activated. The EEM's additional sensing capability could enhance the fault detection and diagnostics capability of refrigeration automation systems.
For the second consideration, as a result of resonant frequency issues, the HRSR motor's rampup time was increased to a minute. After implementing this change, no issues for excessive vibration were recorded.
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Introduction
The goal of this project was to evaluate a high rotor pole switched reluctance (HRSR) motor system for use as a condenser fan motor for commercial refrigeration systems. At 1-10 horsepower (hp), the HRSR motor is sized appropriately for most commercial refrigeration condenser fan motors. Switched reluctance motors have high efficiencies with no rare-earth materials but have historically had control, noise, and vibration challenges that prevented them from being used for most building applications. The HRSR motor design and control system has overcome these challenges, is more efficient than induction and electronically commutating motors, and is inherently variable speed.
A Walmart Supercenter in Lakeside, Colorado, was used for the field demonstration site. This site has a double rack, low-and medium-temperature commercial refrigeration system with 18 condenser fan motors. The 1.5-horsepower legacy induction motors driving the condenser fans have nameplate efficiencies of 73.5%, while the HRSR motors have nameplate efficiencies of 93% and maintain high motor efficiencies even at low motor speeds. Given these efficiency ratings, the team's hypothesis was that the HRSR motors would outperform the induction motors for both constant fan speed and variable fan speed operation.
There are two common types of control for commercial refrigeration condenser fans. The most basic control is known as constant fan speed (CFS) control, which never modulates fan speed. Variable head pressure (VHP) control modulates the condenser fan speed to maintain a temperature difference between the outdoor air temperature ( ) and the saturated condenser temperature. This type of control is meant to optimize heat dissipation from the condenser while reducing the net refrigerant power consumption. Both control strategies are also commonly combined with some type of low ambient temperature control, ensuring stable evaporator performance by maintaining a high condenser pressure, even when-under normal operationthe condenser pressure would lower proportionally with ambient temperature. For CFS control, where the condenser fans cannot modulate, a common method is to cycle the motors on and off. For VHP control, the fan speed can be reduced until experiencing very low outdoor air temperatures, when the motors could cycle on and off.
The Walmart site used VHP control with low ambient control that activated roughly based on an outdoor temperature of 55°F. The low ambient control turned off half the condenser motors and prevented refrigerant flow through half the condenser to maintain higher condenser pressure. At temperatures below 20°F another control strategy was implemented, which is described in more detail in the report, with the same goal of maintaining a high condenser pressure. This project did not analyze whether VHP control was more efficient compared with CFS control from a net refrigerant system perspective, because the boundaries of this project were limited to the condenser only. Table 3 summarizes the baselines and energy-efficiency measures (EEMs) that were evaluated for this demonstration. All results were reported for annual energy savings. Table 4 summarizes the qualitative performance objectives that were documented throughout the demonstration. 
Evaluation Plan
Evaluation Design
Test Bed Site
The Lakeside Walmart site features a central refrigeration system configured into two racks each with a low temperature and medium temperature evaporator and a common discharge header. Rack A and Rack B are entirely independent of each other. In the original configuration, Rack A had 10 1.5-horsepower condenser fan motors controlled by one variable frequency drive (VFD), and Rack B had eight 1.5-horsepower condenser fan motors controlled by a separate VFD. Half of the induction motors were replaced with HRSR motors. Individual power electronic drives were installed for each HRSR motor, and individual controllers were installed for each rack specifically for the HRSR motors. Figure 1 illustrates the differences in setup between the induction and HRSR motors, with one VFD controlling several induction motors compared with a single power electronic drive for each HRSR motor.
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Figure 1. Illustration of the installation of the HRSR motors for a supermarket condenser
Figure 2 further illustrates the specific number of motors for each rack and circuit. Both racks had two circuits for the condenser that could be individually shut off for low ambient temperature control. These circuits were labeled as 1 and 2 in Figure 2 . Nine HRSR motors were installed on Circuit 2, while the legacy motors remained on Circuit 1 for both Racks A and B. Circuits 1 or 2 could be isolated on each rack via the operation of a split valve. This split valve was only activated for low ambient temperature control to maintain a higher condenser pressure. Tachometer installation locations were also installed on specific motors, as shown in Figure 2 , to monitor motor speeds.
The legacy condenser used VHP control, which adjusted the condenser motor speed based on the and condenser pressure. The two legacy VFDs were configured with the VHP control algorithms and low ambient control algorithms to collectively modulate all condenser motors in each rack. The legacy VFDs also operated the split valves for low ambient control. To allow the HRSR motor controllers to match the legacy control, a control signal providing the fan speed was sent from the legacy VFDs to the HRSR motor controllers via a 4-20 milliampere signal wire. This effectively bypassed the condenser fan shutoff for Circuit 2 during low ambient control, ensuring that all condenser motors were operating regardless of ambient temperature.
Figure 2. Condenser rack configuration after installation of the HRSR motors
At the site, several parties coordinated work. As shown in Table 5 , the National Renewable Energy Laboratory (NREL) developed the measurement and verification plan. VaCom Technologies installed sensors needed for the legacy system and was the data manager for all legacy measurements. Software Motor Company (SMC) installed sensors for the HRSR motors based on NREL and Walmart requirements. This resulted in two databases that had to be combined in postprocessing. Walmart provided the site for the field demonstration and performed the work to install the HRSR motors, power electronic drives, and controllers on-site. 
Methodology
Quantitative Study Design
The original plan to estimate annual energy savings was to directly compare the energy consumption of the induction and HRSR motors and extrapolate to annual energy savings.
Unfortunately, it was difficult to maintain the same motor speeds for the legacy and HRSR motors with the VHP control signal, because the legacy motors were operating above nameplate motor speed. This issue was not discovered until late in the project because of the issues with the tachometers reading correctly. Therefore, a new approach was taken in which all of the motors were manually controlled to maintain that the same speeds and power measurements were taken at equal speed increments across the operating range. Table 6 identifies the measurements, responsible parties, and the type of instruments. All measurements were recorded every minute, and there were two types of speed measurements. The tachometers measured both legacy and HRSR motor speeds, and the HRSR motors used an internal speed measurement. The internal measurements were used during the validation of measurement phase to determine when the tachometers were misreading. Thanks to the internal measurement, it was found that sunlight reflections off the fan blades caused misreadings that were magnitudes of order off the expected values. Therefore, shading that did not inhibit condenser flow was installed around the tachometers to reduce misreadings.
Both VaCom and SMC measured power for an entire circuit, including the inverters/drivers and the controllers used to control each circuit. This resulted in the total power required for the baseline and for the EEM. Three periods of testing were recorded based on three objectives, as shown in Table 7 . The steady-state data period was after the validation test period, because the original plan was to use only the validation data. However, differences in motor speed prohibited use of the validation data for a direct comparison, as described previously. Therefore, they were instead used as a validation data set. The baseline data test period was recorded before installing the HRSR motors. These data were used to determine the baseline annual energy consumption for VHP control.
During the validation testing period, Circuit 1 for Racks A and B maintained VHP control using the legacy algorithms. The HRSR motors followed the VFD signal for each rack. As mentioned previously, low ambient temperature control was altered so that the Circuit 2 fans remained on, allowing for a comparison between induction and HRSR motors during low ambient temperature control. The split valve still activated, preventing refrigerant flow through Circuit 2 during low ambient temperature control.
During steady-state testing, a Walmart technician adjusted the VFD frequency from 5 hertz (Hz) to 60 Hz in 5-Hz increments every hour over 10 days. With these data, it was possible to develop condenser power curves for the induction and HRSR motor based on motor speed.
Qualitative Study Design
Qualitative objectives were analyzed based on discussions with the Walmart technicians, who installed and maintained the refrigeration system. Run-time data were also analyzed to determine if the HRSR motors ever failed.
Data Analysis
Steady-State Data Set
It became apparent during the first data collection that (1) the tachometers were often reading incorrectly and (2) the HRSR motor and legacy motor were not at equivalent speeds. Both observations are shown in Figure 3 . A large amount of the steady-state data was removed either because motor speeds measured over the maximum of 870 rpm (tachometer misreading) or because the rpm measurements between different sensors didn't match. More information is provided in Appendix A, Table 17 , about the different types of prefiltering. The main goal of the prefiltering was to ensure that the viable data were kept while removing obvious outliers. After applying the prefiltering, the relationship between HRSR and legacy motor speed was calculated.
There was a 3%-4% difference in rpm. This was because the HRSR motors had been programed to expect that the legacy motors had a maximum speed of 850 rpm, when in reality-because of low torque-the maximum legacy speed was 870 rpm. As a result of the speed misreadings and the differences in legacy and HRSR motor speed, the team decided to determine the correlation between speed and power for both legacy and HRSR motors to correct for these issues rather than complete a direct comparison of energy savings. Models for both the legacy and HRSR motors were developed using the steady-state data set following Equation 1 with the prefiltered data:
• P, the circuit power (i.e., Circuit 1 for Rack A is the legacy power)
• , the number of motors
• rpm, the motor speed in revolutions per minute
• n, the exponential power
• a-c, coefficients for the curve fit where the inverter/driver power was modeled as a quadratic equation related to motor speed, and the motor power was modeled as motor speed to the power n. Various values of n in the range of 0-3.5 were analyzed. For each value of n, a least squares regression was performed to determine the coefficients a-c (Appendix A, Table 16 ). To determine the number of curves that were needed to describe Rack A and Rack B, a t test was completed at each frequency when Rack A and Rack B were set to the same frequencies. The various motor speed measurements were compared to determine which rpm measurements (legacy or HRSR motor) were from a different population. It was shown for all t tests performed from 5 Hz to 60 Hz that the legacy A and B rack speed measurements were statistically different; however, the HRSR motor speeds were not statistically different. Therefore, two separate power curves were created for legacy motors for Rack A and Rack B, and one curve was created that represented the HRSR motors for Rack A and Rack B. The data also showed that the legacy and HRSR motor speed measurements were from different populations because of the reasons described previously.
Regression was performed with the steady-state data considering two factors: the subset of data within the steady-state data and the value for the exponent n in Equation 1. These factors are described further below.
• Filtering o No filtering: Remove no data (besides what had been removed via prefiltering).
o Transient filtering: Remove all data besides the intervals when the heating, ventilating, and air-conditioning (HVAC) technician was manually adjusting the VFD frequencies from 5 Hz to 60 Hz for Rack A and Rack B.
• Exponent n: There were 36 different values for n ranging from 0 to 3.5 at 0.1 intervals.
This resulted in 72 possibilities for each of the three models (Legacy A, Legacy B, and HRSR for both racks). All possible individual models were evaluated by comparing the root mean square error (RMSE) and normalized mean bias error (NMBE) with the measured power. Every model maintained RMSE below 0.085 and an NMBE within ±1e-16, indicating that all variations of the three models fit the steady-state data well. Therefore, it was decided to pick the best models based on determining the HRSR power as a function of legacy power with the validation data set as described in the next section.
Validation Data Set
The validation data set was used to validate both the low ambient temperature control and the power curve models. The low ambient temperature control model was first validated, followed by the power curves for legacy and HRSR motors.
Low Ambient Temperature Control
As shown in Equation 1, the number of motors was an important variable in determining annual energy savings. Low ambient temperature control shuts off refrigerant flow and the condenser fan motors for Circuit 2 and, therefore, directly affects the number of motors that are running. During steady-state and validation test periods, low ambient temperature control shut off refrigerant flow, but it did not turn off the motors for Circuit 2. However, for the annual baseline data, low ambient temperature control was fully operational, and the number of motors changed.
To determine the motor count, it was necessary to find an indicator that predicted low ambient temperature control.
Several indicators were created based on the validation data set as the number of motors was known and activation of low ambient temperature control could be quickly determined via the Circuit 2 condenser inlet temperature ( 2 ). 2 reacted quickly when refrigerant flow was stopped, dropping from the compressor discharge temperature (140°F-160°F) to ambient outdoor temperature within minutes when the low ambient temperature control was activated. ) between time steps were used in combination as the ground truth measurement. Because the 2 sensor was only installed after the HRSR motors were installed, it could not be used as an indicator for the annual data analysis. Therefore, five split valve indicator models were compared with the ground truth indicator. More detailed information of these models is in Appendix A, Table 18 .
The accuracy of each split valve indicator model is shown in Table 8 as well as the false positive ratio (FPR) and the false negative ratio (FNR). FPR indicates how often the model predicted that low ambient temperature control was activated when in reality it was not activated. FNR indicates how often the model predicted that low ambient control was not activated when in reality it was activated. Note: SV = split valve, = legacy condenser temperature difference, = discharge pressure SV3 and SV1 were chosen as the indicator models for low ambient temperature control for Rack A and Rack B, respectively, because they had the highest overall accuracy for both racks. The low ambient temperature control model was used for all four scenarios.
Validation of Legacy and High Rotor Pole Switched Reluctance Motor Power Curves
As discussed in Section 2.3.3.1, power curve permutations needed to be chosen for the three models. Because individual fits with the steady-state data worked well, the team determined that the best way to select the most optimized variation was to compare predicted and calculated HRSR motor power as both legacy and HRSR motor power curves to predict HRSR motor power as shown in Figure 4 . This process was also important for the annual data set, because motor speed was not recorded over the annual data period. Therefore, predicting the HRSR motor power as a function of legacy power was the best path for calculating energy savings. , where a-c were previously fitted coefficients, and P was the legacy condenser power.
• Step 2: Legacy motor speed was converted to HRSR motor speed. For the validation data set, it was already shown that legacy and HRSR motor speed were statistically different. Therefore, a linear regression was applied in Step 2 to convert between legacy and HRSR motor speed, as shown in Figure 4 . Note: Rack A and Rack B were not treated as the same, because they are independent systems with separate VFDs.
• Step 3: The HRSR motor speed was converted to HRSR motor power using Equation 1.
Calculating HRSR motor power with only the legacy power as an input required both the legacy and HRSR curves. Therefore, accounting for the filtering and exponent possibilities for two curves resulted in 5,194 possibilities for each rack. Forty percent of the possible permutations were analyzed to determine patterns. The HRSR motor power curve factors were analyzed first, because the same curve would be used for both racks. Figure 5 illustrates the NMBE for the HRSR motor power based on the two factors previously discussed, namely additional filtering and the exponent n.
Rack B displayed two noticeable results. The first result was that filtering out transient data increased the bias of the HRSR motor power. The second result was that the bias was minimized for an exponent of 1.3. No similar patterns were found for Rack A; however, because the same curve was used for both racks, Rack A also used 1.3 for the exponent n and included all the transient data for the regression. The RMSE was also calculated; however, it did not vary significantly based on the different factors for the power curves. After determining the factors for the HRSR motor power curve, another design of experiments was run focused on finding the most optimized legacy exponents with the HRSR motor power curve factors fixed. From this design of experiments, the legacy exponents and the filtering factor were determined as well. Figure 6 depicts the NMBE for both racks as a function of the legacy exponent. For both racks, the factors were determined that reduced the biased error and maintained RMSE within reasonable levels. As before, the RMSE did not change significantly; however, the error for Rack B was minimized with the legacy exponent of zero. Although not discernable visually, Rack A error was minimized at a legacy exponent of 1.3. The final permutations selected for all three power curve models are shown in Table 9 . All three power curves used did not filter the data to remove transient behavior. Because the parameters of Equation 1 were estimated jointly, the best fit model accurately represents the relationship between fan speed and VFD input power, but it does not necessarily represent realistic values of coefficients a, b, c, and n for consideration of VFD conversion losses and the fan curve separately. This is illustrated, for instance, by the best fit value of n = 0 for Legacy B. Coefficients a-c described in Equation 1 are in Appendix A, Table 16 . After determining the best power curve models, it was possible to determine the power savings as a function of motor speed. Figure 7 illustrates the relationship of power savings versus motor speed. Percent savings increases at lower motor speeds for both Rack A and Rack B. 
Annual Data Set
The annual data did not have as many sensors as the steady-state and validation data sets. Motor speed measurements and refrigerant temperature measurements (used to determine when low ambient temperature control was activated) were not available. To model the HRSR motor power assuming a complete retrofit of the legacy condenser motors, the legacy condenser power was used as an input following the process laid out in Section 2.3.3.2 with one key exception, as illustrated in Figure 8 . The legacy and HRSR motor speeds were assumed equal for the annual data set, as would have been the case for an actual retrofit of the condenser motors. This assumption was deemed appropriate, because both Circuit 1 and 2 received the same speed control signal from the VFD during normal operation. Any future motor hardware replacement would also presumably use approximately the same fan speed control. Ambient temperature control was also fully operational, shutting off half the condenser motors when activated. The model to predict this control required both outdoor air temperature and discharge compressor pressure, as described in Section 2.3.3.2.
The power values for the legacy condenser and the HRSR motors were summed to get annual energy consumption. Annual energy consumption was used as the final key metric to determine EEM savings. Two issues had to be overcome with annual data to get an accurate energy consumption estimate. First, another low ambient temperature control had to be modeled; second, missing data had to be accounted for.
Extremely Low Ambient Temperature Control
Looking at the annual data in Figure 9 , it was found that another control strategy was applied at 20°F and below. Especially for Rack A, it is clearly visible that the condenser power reduces below 20°F and again below 15°F. Table 10 illustrates the same point by documenting the average condenser power as a percent of maximum condenser power and the standard deviation of the condenser power. Standard deviation remains low up to 20°F, indicating a different control strategy that only uses outdoor ambient temperature compared with VHP control, which also uses condenser pressure. For Scenario 2, this control strategy does not need to be modeled, because the legacy condenser power was used as the input to calculate HRSR motor power and it was already reduced as shown in Figure 9 . For CFS control, this strategy was modeled as fan cycling, and the condenser power was reduced to 20% and 17% below 15°F for Rack A and Rack B, respectively. The condenser power was also reduced to 33% and 27% between 15°F and 20°F for Rack A and Rack B, respectively. This reduction in power emulated what could potentially happen for CFS control, where all motors would cycle to maintain discharge pressure. The CFS control is illustrated in Figure 10 . There are four distinct power levels for CFS control related to:
1. Full speed and all motors running 2. Full speed with low ambient temperature control activated (half of the motors are operational)
3. The first band of low ambient temperature control below 20°F 4. The lowest power level for CFS control for the lowest temperature ranges for low ambient temperature control below 15°F. 
Estimating Missing Data
Condenser power, , and compressor discharge pressure were the three critical measurements for each time step to determine the energy savings and to use with the low ambient temperature control model. Two percent of the annual data was missing one of the three critical measurements at any given time step. Any missing data had to be replaced for these three key measurements. Power measurements were interpolated for a maximum of 5 minutes, while was interpolated for up to 2 hours as the first step for replacement.
Compressor discharge pressure was not interpolated, because it changed sporadically compared with . Time steps with missing data after interpolation were replaced with data from another time step with similar outdoor air conditions. Similarly, because the HRSR motor installation took place during the annual test period, all data during the 2-week installation were replaced with a week with comparable energy consumption and average repeated twice. When no data were recorded on the site, weather station KCODENVE110 from Weather Underground was used. Because it was 1 mile away, a correlation was developed to determine the temperature at the site based on the weather station data, as shown in Figure 11 . All of these steps reduced the missing data to less than 0.25% of the 525,600 time steps in the annual data. 
Uncertainty Analysis
An uncertainty analysis was performed following the process outlined by ASHRAE Standard Guideline 14 (ASHRAE 2014). As a form of comparison, the power estimate error was also included from the validation data set. The results from the uncertainty analysis are presented in Table 11 , and a detailed report on the uncertainty analysis is provided in Appendix B. Table 11 specifies the uncertainty for energy savings based on a 95% confidence interval for all four scenarios. Note that Scenario 3 and Scenario 4 have nonsymmetrical error. This is because switching from CFS control to VHP control will create a modest increase in compressor energy consumption, so the actual energy savings would likely be less than reported. Preliminary model results indicate that compressors would potentially consume 1% more energy or a 10% reduction in energy savings. This was used to adjust the uncertainty results; however, it was not used for the energy savings analysis, because it was outside the scope of this project and was not fully vetted. Compressor power consumption will change based on climate, location, and condenser characteristics. Still, it provides an estimate for uncertainty. Table 11 documents the validation period energy error as well. For Rack A, the measured energy consumption during the validation period was 646 kilowatt-hour (kWh), while the predicted value was 643 kWh (−0.47%). For Rack B, the measured energy consumption was 1,547 kWh, while the predicted value was 1,553 kWh (0.38%). Because of the large uncertainty for the Rack B Scenario 2 motor speed, the energy results were disregarded and only Rack A results are presented for Scenario 2 in the rest of the paper. This uncertainty was much larger as a result of the standard deviation across all HRSR motors for each time step for Rack B. This error propagated for Rack B Scenario 4 as well; however, the energy savings were more significant, reducing the uncertainty within reasonable levels. Table 12 shows the annual energy consumption for the baseline. VHP control was measured, while CFS control was modeled. Table 13 shows the performance comparison between the baseline and EEMs. The energy savings for the four scenarios were 29%, 33%, 57%, and 71% respectively. Scenario 2 (direct comparison of VHP control) benefited from the increased HRSR motor efficiency at lower rpm ranges to increase the percent energy savings by 4% versus Scenario 1 (direct comparison of CFS control).
Demonstration Results
Quantitative Results
In terms of absolute energy, Scenario 4 saved the most energy, followed by Scenario 3. This is because VHP control reduced energy consumption for both the legacy and HRSR motors significantly. Switching control strategies with induction motors alone saved an average of 3,545 kWh per motor. Including the HRSR motor efficiency further saved an additional 866 kWh per motor, resulting in a total of 4,411 kWh per motor savings for Scenario 4.
Scenario 3 and switching from CFS control to VHP control were the two scenarios that saved the most energy. Scenario 3 and Scenario 4 energy savings would be less when considering an entire refrigerant system including compressors versus the condenser alone. This is because reduced airflow across the condenser (as a result of reduced motor speed) would increase the refrigerant discharge pressure and the compressor power consumption. Therefore, it is still not clear how much energy VHP control saves from a net refrigerant system perspective, although it is clear looking at the condenser alone that there is significant energy savings. Scenario 1 and Scenario 2 would still see the same amount of absolute energy savings from a net refrigerant system perspective, because the control strategy was the same for both the baseline and EEM, resulting in no change to the compressor energy. Another important consideration is the reduction in demand charges. Because the cost analysis used U.S. Energy Information Administration (EIA) cost per kilowatt-hour, which is a blended cost including all charges from utilities, the demand charges based on the power savings for each EEM were not added to the cost analysis.
However, the kilowatt savings are still important to consider. Table 14 presents the average monthly peak power reduction based on 15-minute intervals over the modeled year. With CFS control only (Scenario 1), the greatest reduction in peak power based on 15-minute values was 0.23 kW/motor, and for VHP control only (Scenario 2), it was 0.10 kW/motor for both racks. Scenario 4 saved the most demand at an average of 0.51 kW/motor. However, as shown by Scenario 3, the majority of this demand savings is attributable to switching control strategies from CFS control to VHP control.
It should be noted again that the compressors will likely increase power consumption for both Scenario 3 and Scenario 4, reducing the potential power reduction. Another consideration when evaluating demand savings is that the peak demand reduction time for the condenser fans may not align with the peak demand for the building as a whole, which would potentially decrease the benefit of these peak demand savings. 
Qualitative Results
No issues occurred with the HRSR motors. However, during installation, one HRSR motor locked a rotor. A locked rotor alarm was sent to the HRSR motor manufacturer, who shut down the motor. An inspection revealed that a piece of foam had jammed the fan, as shown in Figure  12 . The foam was removed, the fan was replaced, and the motor was turned back on. This was an excellent example of the advantages of remote control of individual motors. Without this capability, this issue could have burned out the individual motor and potentially required an emergency repair or replacement. With the HRSR motor system, the motor was turned off, preventing irreparable harm, and the appropriate people were notified to determine the importance of the failure and the appropriate response.
The installation technicians also reported an issue with resonant frequencies during the commissioning of the HRSR motors. To mitigate it, the ramp-up time of the HRSR motors was increased to 1 minute, reducing the likelihood that all motors sped up at the same time, which solved the problem.
Cost-Effectiveness
The installation cost for this project was not tracked; this was not the goal, and the HRSR motor manufacturer did not provide equipment costs. However, a basic economic analysis was performed assuming a simple payback of 3 years, as shown in Table 15 . This cost analysis was specifically calculated for the climate and location of this demonstration. Cost analysis may change based on the many different factors.
A complete replacement of all condenser motors (Table 15 ) was assumed. This analysis was performed using EIA data (U.S. Energy Information Administration 2012) for the cost of electricity. Two costs of electricity were assumed for the analysis to represent a range across the United States. The annual blended cost of electricity per kilowatt-hour was found to be 9.8 cents/kWh in Colorado (representative of many other regions and close to the U.S. average of 10.66 cents/kWh) and 15.8 cents/kWh (representative of New England and California) for 2017. The forecasted cost of electricity for the 3-year payback calculation was adjusted each year based on the EIA forecasted change in electricity cost. The four scenarios ranged from $85 to $697 annual energy savings for a single motor, while 3-year savings ranged from $256 to $2,110 per motor. Three-year and even 1-year simple paybacks are possible if one is able to completely retrofit a condenser including labor and equipment cost for under the prices documented in Table 15 . Considering that the legacy induction motors cost roughly $440 each in 2017 (Line Central International 2017), it is clear that the payback incentive for a complete retrofit is best for sites with high costs in electricity and simple legacy condenser controls such as CFS control. It is also likely that simple paybacks of 3-5 years are not possible for complete retrofits with sites with low costs of electricity or sites that already have implemented VHP control.
Summary Findings and Conclusions
Overall Technology Assessment at Demonstration Facility
The results from this field retrofit proved that the HRSR motor is a more efficient motor compared with the legacy induction motor. Calculated savings at a Walmart store in Lakeside, Colorado, ranged from 29% to 71%, depending on several factors, such as better efficiency of the HRSR motor and the VHP control strategy.
In terms of absolute energy savings, the best scenario (Scenario 4) combined both a motor efficiency increase and improved condenser control, resulting in 4,411 kWh/motor/year savings. These savings are optimistic, because the compressor racks will likely spend more energy with VHP control.
The lowest savings occurred when replacing legacy induction motors that were already using VHP control, resulting in only 866 kWh/motor/year savings. The large range in energy savings illustrates the importance of site selection for the best payback options. A simple cost analysis was performed, indicating that a 3-year simple payback would likely be possible for sites with a high cost of electricity.
Lessons Learned and Best Practices
As mentioned in the qualitative results, no issues occurred relating to motor operation. However, resonant vibration issues were found when the motors ramped up at the same time. To mitigate this issue, the ramp-up time for the HRSR motors was increased to 1 minute, reducing the likelihood the motors were ramping up together. Other solutions are available and should be investigated at each install, including avoiding certain motor speeds (this option is available in the HRSR motor controller programming).
Walmart also mentioned the difficulty in installing the power drives for each HRSR motor. The HRSR motor manufacturer has developed a new product in response that combines the power drive with the HRSR motor. This would reduce the installation burden, only requiring installation of the motor and the master controller. This new product will be available for 1-1.5-horsepower motors by the summer of 2019.
The project team brainstormed additional unique control strategies during the project and identified three potential energy saving approaches that have yet to be demonstrated. These unique control strategies are intended to be the subject of future study.
Another field demonstration was completed for a 10-horsepower HRSR motor in a pump application for a commercial building. The General Services Administration's Proving Ground program funded this demonstration, and Oak Ridge National Laboratory performed the analysis. The final report from the program is expected summer 2019.
Deployment Recommendations
As a result of the cost analysis, systems with constant speed fans could see financial benefits for a major renovation, especially when implementing VHP control for the retrofit. Sites with low efficiency condenser fan motors from 1-10 horsepower and locations with high electricity prices would benefit the most. It is unlikely for systems that already have VHP control that the current HRSR motors and separate power drive would be cost effective considering a 3-year simple payback for major renovation. However, this report completed the analysis for the specific field location at Lakeside, Colorado, for 2017. There are many factors that affect the payback analysis. One factor that was looked at in this report was cost of electricity, which resulted in a significant difference in energy cost savings. Other factors that could affect payback include legacy motor efficiency for the entire range of motor speeds and run time of the motor. Table 16 shows the coefficients that were used based on Equation 1 to define the induction and HRSR motor power curves as a function of motor speed. Table 17 describes the prefilters that were used to remove erroneous data from the steady-state data set in preparation for developing power curves as a function of motor speed. 
Appendix A. Research Details
Appendix B. Uncertainty Analysis
An uncertainty analysis was performed to determine the accuracy of the energy savings. This was done following the ASHRAE Standard Guideline 14 (ASHRAE 2014). The uncertainty was calculated by following Equation 2:
• t is the t-statistic based on the number of samples and confidence interval.
• F is the approximate percentage of the baseline energy use that is saved.
• m is the number of periods of the savings.
• CV(STD) is the coefficient of variation of the standard deviation (as defined in the ASHRAE Guideline).
• is the uncertainty created by sampling.
• is the relative error in an instrument's measurement of a value.
The values used for Equation 2 are shown in Table 19 .
• t is the t-statistic for a 95% confidence interval.
• F is the actual energy savings from the results.
• CV(STD) was determined by following the error propagation formulas defined by the National Institute of Standards and Technology (NIST) (NIST 2017).
• The sampling uncertainty was zero for all experiments, because annual data were used to estimate the annual energy consumption.
• Finally, the uncertainty because of instrumentation was also calculated as discussed further in the following section.
The standard deviation of the legacy and EEM energy had to be found to determine CV(STD). This was done by calculating the legacy and EEM energy with a random sample of 100 permutations with various models capturing the variance. The standard deviation for legacy and EEM energy was used to calculate the energy savings error for each scenario, as shown in Table  19 . 
B.1 Estimating Instrument Relative Error
Many individual measurements were required to predict energy savings. ASHRAE Guideline 14 also provided a method to estimate uncertainty because of individual measurement errors, as shown in Equation 3.
r is the value at which the error was predicted. The values used to predict are shown in Table 20 . The motor speed instrument measurement was small enough as to be negligible. However, the error as a result of using a single rpm measurement to estimate an entire circuit of motors was not negligible. To estimate the error for motor speed, the standard deviation was determined for each time step between all HRSRMs with the validation data set, because this was the only data set with HRSR motor speed measurements. Table 21 documents the average standard deviation during the validation test period. Because multiple legacy motor speeds were never measured for a single circuit, the same standard deviation from the HRSRMs had to be used for the legacy motors. Motor speed error was also only used with VHPC, because CFSC had a constant motor speed and, therefore, insignificant measurement error. 
